Variations in the functional response of legume pod borer (Maruca vitrata) populations to sex pheromone blends were observed in Asia and Africa. Hence, this study was carried out to understand the differences in pheromone-binding proteins (PBPs) among Maruca populations in Asia, Africa, Oceania, and South America. A de novo transcriptome assembly was adopted to sequence the entire transcribed mRNAs in M. vitrata from Taiwan. The raw-sequence data were assembled using homologous genes from related organisms in GenBank to detect M. vitrata PBPs (MvitPBPs). 
| INTRODUC TI ON
Legume pod borer, Maruca vitrata (F.) (syn. M. testulalis) (Lepidoptera: Crambidae), is a major pest of food legumes in Asia, Africa, Americas, and Oceania (Malini, Srinivasan, Lin, Yule, & Krishnan, 2014; Sharma, 1998) . It causes extensive damage to the flowers and pods. For example, 36% flower and pod damage due to M. vitrata infestation occurred in cowpea in Thailand (Phompanjai & Jamjanya, 2000) . Grain yield losses of 50%-71% were reported in pigeon pea and Adzuki bean (Sharma & Franzmann, 2000) . About 20%-30% pod damage in mung bean in Bangladesh (Zahid, Islam, & Begum, 2008) and 25% pod damage in yard-long bean due to M. vitrata in west Sumatra (Hammig, Shepard, Carner, Dilts, & Rauf, 2008) were reported. Up to 380,000 t of cowpea was lost due to M. vitrata in Malawi, Senegal, Niger, Tanzania, and Kenya (Gressel et al., 2004) . In Brazil, M. vitrata is considered as a seasonal pest on soybean (Hoffmann-Campo et al., 2000) , and it caused about 56% damage (Grigolli, Lourenção, & Ávila, 2015) .
M. vitrata caused more than 65% grain yield reduction in pigeon pea in Australia (Sharma, Saxena, & Bhagwat, 1999) . Hence, farmers rely more on chemical pesticides to combat this pest. For instance, more than 80% of the yard-long bean growers in Cambodia, Lao PDR (Laos), Thailand and Vietnam predominantly relied on synthetic pesticides (Schreinemachers et al., 2017 (Schreinemachers et al., , 2014 . On an average, Thai yard-long bean growers used 16.3 kg/ha of pesticide formulations per cropping cycle (Schreinemachers et al., 2014) , and Cambodian farmers mixed four pesticides together in a single spray (Schreinemachers et al., 2017) . Such an intensive pesticide use has serious consequences on human and environmental health. Hence, alternative pest management strategies are warranted for legume growers.
Insect pheromones are an important component in pest management programs, especially as a monitoring, mating-disruption, and/or mass-trapping tool. M. vitrata sex pheromone consists of one major and two minor compounds (Adati & Tatsuki, 1999; Downham et al., 2003) . A synthetic sex pheromone consisting of major [(E,E)-10,12-hexadecadienal] and minor [(E,E)-10,12-hexadecadienol and (E)-10-hexadecenal] compounds developed in a ratio of 100:5:5 attracted male moths in Benin and Ghana, whereas the major compound alone was most effective in Burkina Faso (Downham et al., 2003 (Downham et al., , 2004 . However, none of these blends attracted any males in Taiwan (Schläger et al., 2012) , Thailand, and Vietnam (Srinivasan et al., 2015) , although a variant blend was attractive in India (Hassan, 2007) . These differential responses suggest the presence of genetically different M. vitrata populations.
An earlier study showed evidence for the presence of multiple Maruca species or subspecies (Margam et al., 2011) . Herbison-Evans, Hacobian, and Crossley (2017) also reported two forms of M. vitrata in Australia. However, we undertook a detailed study investigating the mitochondrial cytochrome c oxidase I (coxI) diversity in populations from Southeast Asia (the probable center of origin for Maruca), South Asia, sub-Saharan Africa, and in reference populations from Oceania and Latin America. This study confirmed the presence of three putative Maruca species, including one in Latin America, one in Oceania (including Indonesia) and M. vitrata in Asia, Africa and Oceania (Malini, Schafleitner, Muthukalingan, & Ramasamy, 2015) .
The results also showed the presence of two putative M. vitrata subspecies in Asia and Africa.
Since different species or subspecies seem to exist in the genus Maruca, the pheromone composition and their reception may not be uniform in different geographical locations. A recent study found only two pheromone compounds in M. vitrata populations from Taiwan, Thailand, Vietnam, and Benin (Schläger et al., 2015) .
Similarly, different M. vitrata populations also produce pheromone compounds in different ratio. M. vitrata females from Wuhan and Huazhou provinces in China produced different ratio of the three compound pheromones (Lu, Qiao, & Luo, 2013) . Thus, the pheromone composition in M. vitrata seems to vary across locations.
Hence, it has been hypothesized that variations in the M. vitrata male pheromone reception may be attributed to the presence of different pheromone strains in M. vitrata females.
Insect sex pheromones facilitate the mate-finding among the members of an insect species. In male moths, a specialized subset of chemosensilla contains pheromone-sensitive neurons, which are highly sensitive and specific to sex pheromone compounds produced by conspecific females (LaForest, Prestwich, & Löfstedt, 1999) . At the molecular level, the reception of pheromones in male moths is mediated by pheromone-binding proteins (PBPs), a subfamily of odorantbinding proteins (OBPs). PBPs which are localized in the lymph of the sensilla surrounding the olfactory neuron cells on the moth antennae (Vogt, Rogers, Franco, & Sun, 2002) bind to the lipophilic pheromonal compounds (Bette, Breer, & Krieger, 2002; Lautenschlager, Leal, & Clardy, 2007; Maida, Ziegelberger, & Kaissling, 2003; Steinbrecht, Laue, & Ziegelberger, 1995; Vogt & Riddiford, 1981) and carry them to the receptor cells (Van den Berg & Ziegelberger, 1991) . It has been demonstrated that the change in male pheromone response behavior is caused by differences in a sex-linked locus or set of linked loci (Willett & Harrison, 1999) . The gene loci that are instrumental in conferring specificity in pheromone communication systems should show fixed amino acid differences between strains or species (Willett & Harrison, 1999) . Thus, understanding the patterns of variation in the gene encoding PBP could provide insights into the population structure of Maruca spp., which differed in their responses to the same pheromone blend(s) in different geographical locations. Hence, this study was carried out to assess whether there are fixed nucleotide differences at the PBP locus between the pheromone strains of Maruca from different host plants and geographical origin.
| MATERIAL S AND ME THODS

| Insects
A Maruca vitrata colony was established at the Insectary of World Vegetable Center from a field population. The larvae were reared on Spodoptera exigua meridic diet (Bio-Serv, Frenchtown, NJ, USA) modified with cowpea powder, at 27 ± 1°C and 70 ± 10% relative humidity, photoperiod 14:10 hr (Light:Dark) until pupation. On pupation, they were sexed and placed in acrylic cylinders (30-cm long and 15-cm diameter), whose ends were covered with nylon-nets. Emerged adults were fed with 10% (w/v) sugar solution. Besides from Taiwan, M. vitrata larval populations from nine countries (Bangladesh, Benin, Indonesia, India, Kenya, Laos, Malaysia, Thailand, and Vietnam) from different host plants were collected (Malini et al., 2015 ethanol. The Asian and African Maruca samples for PBP studies were mostly chosen based on the coxI haplotypes in Malini et al. (2015) .
| RNA extraction, complementary DNA (cDNA) synthesis and reverse transcription polymerase chain reaction (RT-PCR) amplification
About 100 antennae were used to obtain about 25 mg of the tissues.
Total RNA was isolated from homogenized tissue using the RNeasy kit (Qiagen) following the manufacturer's protocol, with in-column DNase I treatment. RNA was quantified spectroscopically at 260-nm, and purity was estimated using a Spectrophotometer and assayed for purity based on the A 260 /A 280 ratio. cDNA was synthesized from total RNA using SuperScript III Reverse Transcriptase, RNaseOUT Transcription was performed at 50°C for 60 min and stopped by heating the reaction mixture to 70°C for 5 min.
Reverse transcription polymerase chain reaction amplification was performed in a total reaction volume of 25 μl containing 120-180 ng of first-strand cDNA, 10X PCR Gold Buffer, 0.5 μM of each primer (Table 1) 
| DNA extraction
The total DNA was extracted from individual larva of Maruca using three methods: (A) using Easy DNA High-speed Extraction Tissue Kit (Saturn Biotech); (B) using BuccalAmp DNA Extraction Kit (BioGenesis Technologies) for the populations from Asia and Africa, and additional details were provided in Malini et al. (2015) . Third method used was gSYNC ™ DNA Extraction Kit (Geneaid) for populations from Oceania and South America. The DNA solution was treated with RNase and Proteinase K, and stored in aliquots at −20°C.
| Sequencing the genes encoding pheromonebinding proteins
2.4.1 | Amplification of PBP using genespecific primers PCR primers specific for PBP genes were designed based on the M. vitrata transcriptome sequence (Chang & Srinivasan, 2014) using Primer3 (Untergasser et al., 2007) , and their quality was checked in PCR Primer Stats (http://www.bioin forma tics.org/sms2/ Alternative primer 5′-GTTGCAGGAGCTGAAAATGG-3′  5′-GCTGTCCTTCGGGTAACATC-3′   Internal primer  5′-CTC ATC TGC ATG TCC ACC A -3′  5′-CTT GGT GGA CAT CCA GAT GAG-3′   PBP2  Main primer  5′-AATGGCCTAAAGGGCCACAA-3′ 5′-AGGTTTCATGTCACAATCTTCATC-3′ 1.1-3.0
Alternative primer 5′-CTAAAGGGCCACAAACTTAACC-3′ 5′-TAAGTACTCTTGCGAAGCCGAA-3′
Internal primer 5′-TAC GAG GTC AAA ACT TCG AGA AG-3′ 5′-CGC TTC TCG ACT TTT GAC CT-3′
PBP3
Main primer 5′-GCATACAGTTTCCGTTTTCATCC-3′ 5′-GGAGGTCCTTTCGTTCAGACTT-3′ 1.2-2.1
Alternative primer 5′-AACGCGCAAAGTAAACGAAC-3′ 5′-ACTTCAGCCAGCATCTCTCC-3′
Internal primer 5′-CAG GAG GTG ATG ACC AAA ATG AG-3′ 5′-TTG TAA GCG TTC TCG TGG TG-3′
pcr_primer_stats.html). These primers were used in the RT-PCR to confirm the PBP genes as well as primer specificity, and they were used for genomic DNA analysis of various Maruca populations. The main primers (Table 1) located at the 5′ and 3′ untranslated regions (UTRs) were expected to amplify the full-length sequence of the PBP
genes. An alternate primer pair for each PBP was designed for those samples which failed to amplify. As PBP genes are relatively long (≈1,200-2,600 bp) because of introns, internal primers were also designed and used to obtain the full-length sequences of the target PBPs. Gradient PCR was performed to determine the optimal annealing temperatures for these primers.
| Polymerase chain reaction amplification of PBP
The PCR amplification was performed in 25 μl reaction volume containing 80-120 ng of genomic DNA. The remaining content of the PCR mixture was the same as described in 2. Taiwan. In case of multiple amplification products, single bands were extracted from the agarose gels using Geneaid extraction kit.
| Molecular divergence and population genetic analyses
The MvitPBP1, MvitPBP2, and MvitPBP3 sequences were aligned and edited using BioEdit v7.0 (Hall, 1999) . To determine introns and intron-exon boundaries, the MvitPBP genomic DNA sequences were subject to ClustalW analysis against the corresponding cDNA sequence of M. vitrata transcriptome. After removing the introns and UTRs, the obtained sequences were used to find the signal peptide using SignalP-5.0 Server and were examined for polymorphisms in the coding regions of the MvitPBP genes among Maruca populations.
Since we obtained shorter 5′-UTR for PBP1 from our transcriptome sequence, we were unable to obtain clear sequence for the signal peptide for some of the populations. Hence, the signal peptide of PBP1 was not included for the analysis, but the ORF was used for
MvitPBP2 and MvitPBP3 analyses. The number of haplotypes, nucleotide diversity, and haplotype diversity were calculated for investigating the PBP sequence diversity using DnaSP 5.10 (Librado & Rozas, 2009 average number of nucleotide differences and the number of segregating sites estimated from pairwise comparisons (Tajima, 1989 (Schneider, Roessli, & Excoffier, 2000) . This method was used to partition the genetic variance within and among populations as well as within and among groups. The populations were grouped by geographical locations (continents). Levels of significance were determined through 1,000 random permutation replicates. Pairwise F ST values used to appraise the genetic structure among populations were obtained with 1,000 permutations and at the significance level of 0.05 using the K2P model (Kimura, 1980 ).
| Phylogenetic, species delineation, and haplotype network analyses
The FASTA formatted coding regions of MvitPBP sequences were imported into the MEGA-X software package sequence alignment application, and a multiple sequence alignment was performed with the ClustalW algorithm using default parameters (Tamura et al., 2011) .
The aligned sequences were used for phylogenetic analysis. The evolutionary history among the haplotypes of MvitPBP sequences was inferred by using the maximum likelihood method in MEGA-X (Kumar, Stecher, Li, Knyaz, & Tamura, 2018 ). The appropriate model of sequence evolution, including model parameters, was calculated using corrected Akaike Information Criterion and resulted in T92 + G+I (Tamura 3-parameter using a discrete Gamma distribution plus assuming that a certain fraction of sites is evolutionarily invariable) (Tamura, 1992 ) as the best model for MvitPBP1. The best model for MvitPBP2 was K2 (Kimura 2-parameter)+G + I, whereas K2 + G was selected for MvitPBP3. The models were also selected based on partitioning by codon position. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Joining and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite likelihood approach, and then selecting the topology with superior log likelihood value. The bootstrap consensus tree inferred from 1,000
replicates (Felsenstein, 1985) was taken to represent the evolutionary history. Branches corresponding to partitions reproduced in less than 50% of the bootstrap replicates were collapsed. The percentage of replicate trees in which the samples clustered together in the bootstrap test is shown next to the branches (Felsenstein, 1985) . The phylogenetic trees were rooted by the outgroup Conogethes punctiferalis.
The primary species hypothesis was evaluated using Automatic Barcode Gap Discovery (ABGD), a molecular species delineation method. ABGD is an automated procedure that clusters sequences into candidate species based on pairwise distances by detecting differences between intra-and interspecific variation without a priori species hypothesis (Puillandre, Lambert, Brouillet, & Achaz, 2012).
The program requires a prior limit to intraspecific diversity (P) and a proxy for minimum gap width (X). (Clement, Posada, & Crandall, 2000) . The varying length of introns of MvitPBPs is shown in Figure 1 .
| RE SULTS
| Structure of M. vitrata PBP genes
Generally, African populations had longer introns than in other populations. For MvitPBP2, both introns were shorter in the African populations than in other populations. In both MvitPBP2 and MvitPBP3, intron 2 was longer than intron 1, whereas intron 1 was longer than intron 2 in MvitPBP1. of MvitPBPs revealed that they consisted of seven α-helices and a conserved motif of six cysteine residues. The location of the α-helices has been predicted following Sandler, Nikonova, Leal, and Clardy (2000) to be located between residues 1-13 (α1a), 16-22 (α1b), 28-34 (α2), 46-58 (α3), 70-79 (α4), 84-100 (α5), and 107-124 (α6).
The C-terminal helix contains residues 129-142. The amino acid residues 60-69 form a loop, which is the flexible region of the protein.
An alignment of the deduced amino acid sequences of MvitPBP1, MvitPBP2, and MvitPBP3, and other related species selected from
Crambidae and Pyralidae is shown in Figure 2a MvitPBP1 exhibited the highest similarity with CpunPBP1 of C. punctiferalis (87%), followed by CmedPBP1 of C. medinalis (86%).
MvitPBP1 amino acid sequence also did not vary much with the PBPs 
| PBPs haplotype variation in M. vitrata population and neutrality tests
The haplotypes identified in Maruca individuals were deposited in the NCBI GenBank (MvitPBP1: MK548942-MK549033, MvitPBP2: The total nucleotide diversity of all Maruca populations from sampled countries was 0.02391, 0.02507, and 0.02501 for MvitPBP1, MvitPBP2, and MvitPBP3, respectively (Table 3 ). In MvitPBP1, the nucleotide diversity of the M. vitrata populations from Thailand was the lowest and the one from Benin was the highest. In MvitPBP2, lowest nucleotide diversity was observed for Maruca populations from Colombia, whereas it was highest for Colombia based on MvitPBP3.
The nucleotide diversity was almost similar for all other sampled countries in both MvitPBP2 and MvitPBP3. Because of the large number of unique haplotypes, the haplotype diversity was one or close to one for most of the sampled countries for all the MvitPBP genes (Table 3 ). The lowest haplotype diversity was recorded for Colombia, only based on MvitPBP1 and MvitPBP2 genes.
When the Maruca samples were analyzed by continent, the highest nucleotide diversity based on MvitPBP1 was recorded for M. vitrata populations from Africa (0.02544), followed by South America (Table 4 ). The nucleotide diversity was almost similar for both Asia and Oceania Maruca populations. Nucleotide diversity based on MvitPBP2 was almost similar for all continents, except South America, which was the lowest (Table 4 ). However, it was the highest based on MvitPBP3 for South America and it was almost similar for all other continents (Table 4) . On continental basis as well, the haplotype diversity was one or close to one for most of the sampled continents for all the MvitPBP genes ( (Table 4) .
| F-statistics (F ST ) and analysis of molecular variance
The F ST values of all pairwise comparisons for MvitPBP1, MvitPBP2, and MvitPBP3 ranged from −0.0084 to 0.7405, −0.0911 to 0.8273, and −0.0089 to 0.6900, respectively (Tables 5-7) . Negative F ST values indicate the absence of genetic differences between the two compared populations (Jaramillo, Montaña, Castro, Vallejo, & Guhl, 2001 (0.5712-0.6900; p < .05) was significant (Table 7) . Similarly, the ge- Maruca populations were similar (Table 10) 
| Phylogenetic pattern based on MvitPBPs
The 
| Automatic barcoding gap discovery
ABGD analysis of MvitPBP1 resulted in four partitions with a prior of intraspecific divergence up to 0.004 (Figure 6a-c) . The results showed the existence of 21 groups among the study populations (Table 14) . Although few populations from Cambodia, Laos, Malaysia, Taiwan, Benin, and Kenya formed separate groups, the major group contained most of the Maruca populations from Asia, Africa, and There were only two groups for MvitPBP3 (Table 16 ). As showed in the phylogenetic tree, ABGD analysis for MvitPBP3 also suggests a single group for Maruca populations from Asia, Africa, and Oceania, whereas South America populations formed a separate group.
| Haplotype network
The haplotype network analysis involving the active MvitPBP1 haplotypes in this study revealed two distinct groups (Figure 9a ).
Although the phylogenetic tree and the ABGD grouping clearly differentiated the South America Maruca populations from rest of the populations, they were placed at the periphery of the radial ex- 
| D ISCUSS I ON
The PBPs were not studied in detail in M. vitrata, until our preliminary first report (Malini, Schafleitner, Muthukalingan, & Srinivasan, 2013) , instance, two PBPs were described in Lymantria dispar (Vogt, Köhne, Dubnau, & Prestwich, 1989) , which selectively bound the two pheromone enantiomers (Bette et al., 2002; Du & Prestwich, 1995; Plettner, Lazar, Prestwich, & Prestwich, 2000) . Although one of the three PBPs from Antheraea polyphemus (ApolPBP1) was shown to bind to all three pheromone compounds with high affinity at high pH, competitive assays showed considerable differences in affinity only for the major compound (Leal, Chen, & Erickson, 2005) . Thus, the occurrence of three PBPs in M. vitrata moths could be related to the three component nature of its sex pheromone blend.
The structure of the PBP gene sequences and proteins was well described in B. mori and A. polyphemus (Sandler et al., 2000; Yu et (Breer, Krieger, & Raming, 1990) . In addition, the amino acid sequences of the third exon in PBPs should possess three conserved cysteine amino acids (Willett & Harrison, 1999) . Hence, the identified MvitPBPs are of the expected size with the presence of six highly conserved cysteine residues.
Pheromone-binding proteins have six α-helices with the pheromone ligand bound in an internal hydrophobic pocket (Sandler et al., 2000) . Subsequent studies revealed a seventh α-helix, formed from the C-terminal tail (Horst et al., 2001) . We ascertained the location of seven α-helices in MvitPBPs by aligning their amino acid sequences with PBPs and OBPs from Bombycidae, Saturniidae, Sphingidae, and Noctuidae (Malini, 2017) . Interestingly, these locations were almost similar to the seven α-helices identified for B. mori and L. dispar (Yu et al., 2012) . The three disulfide bonds in MvitPBPs are the same as the two that attach α3 to helices α1 and α6 (Cys19-Cys54 and Cys50-Cys108, but Cys50-Cys109 for MvitPBP3), and the third disulfide bond (Cys97-Cys117 but Cys98-Cys118 for MvitPBP3) connecting helices α5 and α6 reported in B. mori (Sandler et al., 2000) . Met74
in α4 and Ile91 in α5 of B. mori PBP were substituted by Gln74 and Val91, respectively, in MvitPBP1. Although Met74 was not substituted by another hydrophobic amino acid, Ile91 was substituted by the hydrophobic amino acid. The amino acids of helices α5 and α6 used to form a hydrophobic assembly in B. mori (Sandler et al., 2000) are the same in MvitPBP1 except Ile93 in α5, which was replaced by hydrophobic Leu93. In other small interhelix contacts, especially between helices α2 and α3, three substitutions (Val48Thr, Leu52Ile
and Met55Leu) were found in MvitPBP1. A loop formed by amino acid residues 60-69 is the most flexible region of the protein, and it serves as the lid into the pheromone-binding pocket (Nemoto, Uebayasi, & Komeiji, 2002) . Thus, the identified MvitPBPs are similar to the structure of already reported lepidopteran PBPs or GOBPs.
Although structural modeling was used to predict the "presumed" structures of MvitPBPs (Mao et al., 2016) , future studies should confirm their three-dimensional structures by X-ray diffraction and/or NMR spectroscopy.
The current study confirmed that MvitPBP1 amino acid sequence was quite similar to most reported PBPs/GOBPs. However, His74 differentiate it from other populations since all alanine residues are conserved in lepidopteran PBPs (Sandler et al., 2000) . It should also be noted that most of the residues lining the binding pockets were hydrophobic. However, hydrophilic residues, such as threonine present in the binding sites, are probably responsible for hydrogen bonding with the functional group of the ligand (Yu et al., 2012) . Hence, the effects of the replacement of alanine by threonine should be thoroughly investigated in subsequent studies. However, because of the hydrophobic nature, both Leu109Met and Leu110Val interchanges may not be of practical significance in MvitPBP2 although they are fixed in all African populations. For MvitPBP3, Gln66 substitution instead of Glu66 in South American Maruca and in one PNG populations is quite important, because Glu66 formed H-bond with the pheromone compound, E10-16: OH (Mao et al., 2016) . Hence, it is possible that some of the identified polymorphisms may be involved in interactions between the PBP and other signal transduction system components including pheromone receptor as reported earlier (Newcomb et al., 2002; Prestwich & Du, 1997; Rogers, Sun, Lerner, & Vogt, 1997) . Thus, this warrants further detailed studies to understand whether these polymorphisms contribute toward the reported differential pheromone recognition patterns of male M. vitrata moths in different geographical regions (Downham et al., 2004; Schläger et al., 2012; Srinivasan et al., 2015) .
Since PBP sequences of samples collected in target countries showed both positive and negative Tajima pansion of Maruca populations, and they provide evidence for purifying selection at this locus. In our earlier study based on coxI gene as well (Malini et al., 2015) , we found similar results for Asia and Africa. However, the current results for Oceania and South America contradicted our earlier finding. This is possible because Maruca populations from Asia and Africa in the current study were similar to the earlier grouping of Asian or African Maruca populations.
However, the Oceania Maruca populations formed two groupsone exclusively in Oceania (including Kalimantan, Indonesia) and the other aligned with Asian and African M. vitrata populations in our earlier study (Malini et al., 2015) , but not in the current study despite the fact that we collected Maruca populations extensively Group  Population  Frequency   1  IMP1, OMK1, OMK4, OMK5, OMR1, PM1, VM3, IMG1, IMS5,  IMS9, IMS10, XM6, OMC6, IM1L, IM1U, IM2U, IMU9, VNK8,  VNK10, CN12, GN5, HL4, HL7, ML4, VLH2, VLN4, VLV2, VC9,  MT3, VT1, WT7, BV1, GV1, GV3, MVM5, OV14−2, OVB2,  VV5−5, VVB6L, AW5, CW5, GW10, MW4, SW5, VW13, ZW2,  CD5, YDR6, YDS9, CG7, SW1, AB2, UB1, OK8, PKM7, XG10,  TG1, TG2, TGK4, TGK5, TGT2, UG3, UG6, UGW9, VG5, VG8,  VGA3, VGA5, VGB4, VGG5, VGW6, we used only the Colombia samples to represent South America in the current study, whereas we had access to several Maruca coxI sequences from multiple countries in South America in our earlier study (Malini et al., 2015) . This could be due to Fu's F S being more sensitive in detecting population expansion (Liao et al., 2010) . Thus, besides Tajima's D, a negative value of Fu's F S for most of our studied populations is evidence for a sults were also obtained in our study based on coxI gene for Maruca populations from different continents (Malini et al., 2015) . It is interesting to note that the Oceania populations in our previous study clearly separated as a different putative Maruca species, whereas it was not the case in the current study. We hypothesized the pres- SW1, PG1, TGY1, TG3, TG5, EGW10, VG8, VGB7, VGG8, YGG1,  YGG4, VF3, OMK2, OMK4, VM3, OM2, OMC6, XM6, IMS5,  IMS9, VNK8, VNK10, VCK1, VCK2, VCK3, GT5, VT1, WT3, WT7,  ML4, PL4, VLH2, GV3, MVM1, MVM5, OVB2, VV142, CW2,  MW4, PW4, VW13, YW6, CS3, CS7, CD5, YDR3, Allelic variations within PBPs have been reported at both nucleotide and protein levels in previous studies, which might lead to the variations among the individuals of the same species in discriminating different blends of the same pheromone (Newcomb et al., 2002) .
TA B L E 1 4 List of identified Maruca vitrata PBP1 groups based on ABGD analysis
Some of the populations in the current study resulted in two forms of the same PBP in PAGE, but it was not clear whether they are Further studies to understand the similarities or differences present between these two forms might be useful, because allelic variations could lead to the presence of homozygotes and heterozygotes in field conditions. They might differ in detecting different components of the same pheromone blend, as evidenced in Epiphyas postvittana (Newcomb et al., 2002) . Hence, future tracking of the frequencies of these forms in natural Maruca populations becomes imperative.
| CON CLUS IONS
The moths of M. vitrata express three PBPs (MvitPBP1, MvitPBP2, and MvitPBP3), which are structurally similar to earlier reported lepidopteran PBPs. However, MvitPBP2 has at least six amino acid substitutions among the studied populations, including one amino acid residue located in the hydrophobic-binding pocket.
Although alanine residues are conserved in lepidopteran PBPs, alanine-threonine interchanges among the Asian and African Group  Population  Frequency   1  SW1, PG1, TGY1, UG5, UGW9, VG5, VGG1, VGG5, VGB7, VGA1,  VGA5, YGG1, YGG4, VF1, IMP1, OMK4, VM3, IMS5, IMU9,  XM6, VNK2, VNK8, VNK9, VNK10, DL1, HL7, PL1, VLH2, BV1,  BV2, GV4, MVM5, CG3, CG7, CD5, YDR1, YDS9, GT5, MT3,  WT7, MW4, PW4, SW5, VW1, AB3, CB4, EB2, LB5, UB5, RB1,  EK5, JK1, JK9, NK8, NK10, OK1, OKR6, PK2, PKM2, TK6, M. vitrata populations (Malini et al., 2015) have also been confirmed based on MvitPBPs. However, the presence of two different Maruca species in Oceania in our earlier study was not confirmed in this study, leading to the speculation that the occurrence of the second Maruca species is rare and limited in PNG.
TA B L E 1 6 List of identified Maruca vitrata PBP3 groups based on ABGD analysis
The differences in PBPs may also explain the different affinity 
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